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Introduction
The development of highly acid soils within Australia is a major threat to the productivity of pastures and crops (Williams 1980) . The decline of soil pH in high rainfall pasture areas has been related to the age of subterranean clover (Trifolium subterraneum) -based pastures (Williams 1980) . Specific problems associated with the development of highly acid soils include hydrogen ion toxicity, aluminium toxicity, calcium deficiency, manganese toxicity and increased Rhizobium mortality (Williams 1980; Coventry et al. 1985) . Soil acidification occurs in a wide range of soil types (Australian Wool Corporation 1984) , with the greatest pH depression occurring in poorly buffered soils in high rainfall areas. Only 3% of South Australia receives more than 500 mm annual rainfall, and half of this area is located in the south -east of the state.
Soil acidification in South Australia was first reported by Cook (1925) at Kybybolite. When Russell (1960) resampled this site, he reported pH declines of 0.2 -0.4 units in a 33 -year period. A survey in the south -east, examining the effects of pasture development on pH change, revealed that large declines in soil pH had occurred since development (Lewis et al. 1987) . The maximum pH decline reported in this survey was 0.9 of a unit over 25 years in the top 10 cm of the profile. Acidification had also occurred in the 10 -30 cm layer, but it was significantly less than in the 0 -10 cm layer.
As the south -east of South Australia supports 50% of the state's beef cattle and 30% of the state's sheep population, any threat to productivity needs to be accurately assessed. Prevention of production losses due to acidity requires information on the extent and severity of highly acid soils. In particular, the specific acidity problems (e.g. aluminium toxicity, calcium deficiency) that occur need to be identified.
The aim of this survey was to determine the extent and severity of acid soils in the south -east of South Australia and to characterize their physical and chemical properties. In addition, annual ryegrass (Lolium rigidum) and subterranean clover samples were collected to assess the relationships between acid soil properties and plant nutrient status.
Locality and Methods
Topography, Rainfall and Drainage
The topography of the south -east is dominated by a sub parallel series of stranded dune systems running in a north -westerly direction (Schwebel 1978) . Annual rainfall increases from 550 mm in the north of the sampling area to 800 mm in the south. Drainage is slow and follows the strandline ridges, with interdune flats subjected to inundation for 1 -2 months per year. Drainage has been improved by the construction of over 1450 km of drains.
Site Selection
The results of routine diagnostic soil samples, submitted to the South Australian Department of Agriculture, were used to determine sampling areas. Approximately 3000 records collected between 1979 and 1982 were reviewed, and soils with pH (H2O) <5 5 were plotted onto soil association maps (Blackburn 1959 (Blackburn , 1964 . There were 14 soil associations from which highly acid samples were submitted, and of these 14 associations, 6 emerged as having large areas of acidic soils, i.e. Kalangadoo, Kybybolite, Young, Glencoe, Gambier and Short. A total of 80 paddocks with permanent subterranean clover pasture were then selected at random from these 6 associations.
Sampling Procedure ,
Within each selected paddock, a 100 by 100 m sampling area was chosen at random and, within this area, 10 soil samples were collected from four depths (0 -2.5, 2 5 -5, 5 -10, 10 -30 cm) by using a double tube sampler (3.1 cm diam.). Samples were then bulked to give a composite sample for each depth. Following collection of the samples, the depth to the B horizon was determined, and a sample of the A horizon was collected from the 10 cm of soil above this feature. Description of the profile was also made by using the Factual Key (Northcote 1979) . All soil samples were air dried, passed through a 2 mm sieve and stored in sealed containers until analysis. Whole tops of subterranean clover and ryegrass were also collected from the sampling area, washed with distilled water, oven dried (70 °C), ground and stored in airtight containers until analysis. All samples were taken between 13 October 1983 and 11 November 1983, with the plant growth stage described as late vegetative. The following chemical analyses were completed on all soil samples: (i) pH 1 : 2 soil : 0 01 M CaCl2, pH 1 : 5 soil :H20; (ii) bicarbonate -extractable phosphorus and potassium (Colwell 1965);  (iii) extractable aluminium determined colorimetrically (Lindsay and Stephenson 1959) from a 1 : 2 soil :0.01 M CaCl2 16 h extraction (Hoyt and Nyborg 1971) . All pH values, unless otherwise stated, were determined in 0.01 M CaCl2 (1 :2). Values for extractable soil aluminium, pH, bicarbonate extractable phosphorus and potassium were calculated for the 0 -10 cm layer from the 0 -2.5, 2.5 -5 and 5 -10 cm data with correction for volume.
The following chemical analyses were completed on all plant samples: All results are expressed on an oven (plant) or air (soil) dried basis.
Statistical Analyses
Analysis of variance was used to test whether sample means were significantly different. The product-moment or Pearson correlation was used to compute a simple correlation matrix for all plant and soil variables. Non linear regression was conducted by using Generalized Linear Interactive Modelling.
Results and Discussion
Soil Types
Sixty -two of the sites sampled were siliceous sand over clay soils; the remaining 18 sites were mainly siliceous sands over an organic matter /sesquioxide pan or deep sands (Uc 1 2, 2.3, 3.3, 4.3). Of the sand over clay soils, 22 sites had a brown clay B horizon (Db 3 2 -3.4, 4.2 -4.4), 39 sites had a yellow -grey clay B horizon (Dy 4.2 -4.4, 5.2 -5.4) and one site had a dark clay B horizon (Del) . The Dd soil was not considered when comparisons of different soil types were made. These soil types constitute a large area of the south -east region, as well as adjacent areas of Victoria, i.e. approximately 12 500 km2. Previous studies by Russell (1960) and Lewis et al. (1987) indicate that these soil types are likely to suffer from continued acidification. Lewis et al. (1987) reported decreases in soil pH of 0.9 pH units over 30 years in the top 10 cm of similar soils.
Soil pH
The two methods used for pH determination were compared by regression analysis. The relationship fitted was pH (H20) = -0 32 + 0 .9 pH (CaC12) (100r2 = 85).
It was observed that the use of 0.01 M CaCl2 increased both the speed and repeatability of pH measurements. The pH trends down the profile for the three major soil types, namely Db, Dy and Uc, are shown in Fig. 1 . All soils had a thin surface layer (0 -2.5 cm) which was less acid than the remainder of the A horizon. The less acid layer could be attributed to either an accumulation of plant material with an excess base content or removal of nitrogen by denitrification (Pierre and Banwart 1973) . Soil types were not significantly different (P < 0.05) in the top three sampling depths, but the Uc soil type was significantly more acid (P < 0.05) than the Dy soil type in the 10 -30 cm layer. The results of this survey do not allow any conclusions about the exact depth of maximum acidity, only that it occurs between 5 cm depth and the bottom of the A horizon. If the effective depth of rooting (the depth of soil containing 90% of total roots) of Mt Barker subterranean clover is approximately 36 cm (Ozanne et al. 1964) , then the presence of highly acid areas below 5 cm would severely restrict growth potential.
The presence of this thin surface layer of relatively higher pH may partially explain subterranean clover growth patterns on these acid soils. Subterranean clover growth is often characterized by an initial rapid growth upon the 'break' of the season, followed by the development of stunted plants in early winter, i.e. the plants grow quite normally until the root system extends into the very acid layer. However, as the season progresses, the plants gradually recover and characteristically grow away in spring. This recovery may be due to increasing soil moisture levels, which in part ameliorate the effect of low pH (Horsnell 1984) .
Extractable Soil Aluminium
Mean extractable soil aluminium concentrations increased down the profile to 30 cm (Table 1) with mean values of 0.8 pg g-1 being recorded in the top 2.5 cm of the Db and Dy soils. These were significantly lower than the mean value of 1.3 pg g-1 recorded for the top 2.5 cm of the Uc soil. Based on the 0 -10 cm sample, the Db soil type (3 pg g-1) had significantly higher extractable soil aluminium concentrations (P <0.05) than the Dy (2 pg g 1) or Uc (2 pg g -1) soil types.
The relationship between pH and extractable soil aluminium for all sites and at all depths is described by an asymptotic relationship (100r2= 37). By analysing the Db /Dy soil types separately (Fig. 2a) , the variation accounted for by the regression increased dramatically (100r2 = 84). The relationship between soil pH and extractable soil aluminium for the Uc soils (Fig. 2b) also described by an asymptotic relationship (100r2 = 33). Extractable soil aluminium concentrations increased considerably when pH values fell below 4.5 for the Db and Dy soil types and below 4-0 for the Uc soil type. Studies by Bromfield et al. (1983) indicated that nodulation failure in the glasshouse occurred when extractable aluminium concentrations exceeded 1-8 pg g-1. Bromfield et al. (1983) further suggested that nodulation failure in the field generally occurred at higher extractable aluminium concentrations. These data (Table 1 ) may also explain why many subterranean clover plants have ample nodules on the near surface roots, but roots growing below the top 2.5 cm are poorly nodulated.
Extractable Soil Phosphorus and Potassium
In general, the acid sands in this region have low extractable phosphorus and potassium values due to large leaching losses (Lewis et al. 1981; Meissner and Clarke 1979) . Results from the survey (Fig. 3) confirm these findings, with 65% of the sites having extractable phosphorus concentrations below the critical value of 20 pg g-1 derived by Lewis and Clarke (1975) , and 35% having -extractable potassium concentrations below the critical value of 80 pg g-1 derived by Meissner and Clarke (1977) .
The mean extractable phosphorus concentrations for the Db soils of 27 pg g-1 was significantly higher (P < 0.05) than for both other soil types, with a mean value for the Uc soils of only 13 pg g-1 (Table 2) .
Plant Nutrient Concentrations
(1) Subterranean clover The mean nutrient concentrations for the subterranean clover whole tops are shown in Table 3 . Significant differences were recorded between mean aluminium (P < 0.001), magnesium (P < 0.01) and potassium (P < 0.05) concentrations in subterranean clover for the different soil types. As was the case with the concentrations of extractable aluminium in the soil, subterranean clover growing on the Db soils had significantly higher (P <0-001) aluminium concentrations than those growing on other soil types. Similarly, the manganese concentrations in plants grown on the Db soils were higher than those grown on Dy soils.
The correlations between soil pH, extractable soil aluminium for all soils and the nutrient concentrations for subterranean clover are shown in Table 4 . Although the correlation coefficients were low, significant positive relationships between soil pH and plant calcium (P < 0.001), and plant sulfur (P < 0.05) were observed. A significant (P < 0.01) negative relationship between soil pH and plant manganese was also observed. Significant negative relationships were also found between extractable soil aluminium and the concentrations of magnesium (P < 0.01) and calcium (P <0.001) in plant whole tops. Significant positive relationships were observed between extractable soil aluminium and plant aluminium (P <0-001) and plant manganese (P <0-01).
The average aluminium concentration for all subterranean clover samples was 318 pg g-1. Although it is generally agreed that plant aluminium concentrations are a poor guide for detection of aluminium toxicity (Pratt 1966) , these results do suggest that subterranean clover plants contained higher than normal aluminium concentrations. If the critical value of 150 pg g-1 proposed by Bouma et al. (1981) is used, then 58% of the samples would be diagnosed as suffering aluminium toxicity. Manganese concentrations were all well below critical values for toxicity in subterranean clover (Cregan et al. 1984). Although no critical calcium concentration has been determined for subterranean clover (Reuter and Robinson 1986 ), a value of 1.0% (Andrew 1960) has been used to assess the calcium status. Of the 80 subterranean clover samples, 58% were diagnosed as calcium deficient.
If 1.83% is used as the critical concentration for potassium (Cox 1981) , then 34% of subterranean clover samples were diagnosed as deficient in potassium. When sulfur concentrations were assessed by using the critical concentration proposed by Clarke and Lewis (1974) (0.18 %), 63% of all subterranean clover samples were diagnosed as deficient. By using 3% nitrogen (D. J. Silsbury; pers. commun.) as a critical concentration for subterranean clover, 78% of all samples were diagnosed as nitrogen deficient, while 56% were diagnosed sIMa1 J Q pue aäpoH A 1 '1 (pg g-1)
(Ng g-1
Subterranean clover Db 168 (33) 125 (10) 1-13 (0.13) 7.6 (0.4) Uc (n=18) 2.2 (0.14) 0.35 (0.03) 1-8 (0.19) 0.16 (0.01) 0.37 (0.02) 0.19 (0.01) 83 (17) 116 (14) 1-08 (0.13) 7.2 (0.4) All soils 2.1 (0.08) 0.33 (0.01) 2.0 (0.08) 0.18 (0.01) 0.32 (0.01) 0.16 (0.004) 147 (20) 133 (7) 1.06 (0.08) 7.2 (0.3) (n =80) as phosphorus deficient [less than 0.3% (Southern 1985) ]. However, only one sample was diagnosed as molybdenum deficient [less than 0.15 pg g-1 (Gartrell 1980) ].
(2) Annual ryegrass The mean nutrient concentrations for ryegrass whole tops collected from all sites are shown in Table 3 . Significant variation occurred between soil types for mean plant concentrations of calcium (P < 0.05), magnesium (P < 0.01) and manganese (P< 0.05).
As with subterranean clover, the correlations between soil pH, extractable soil aluminium and the nutrient concentrations for ryegrass were low (Table 4) . However, significant negative correlation was found between soil pH and plant manganese (P < 0.001) and between extractable soil aluminium and plant calcium (P < 0.05). A significant positive correlation was observed for extractable soil aluminium and plant manganese (P < 0.001), and between extractable soil aluminium and plant aluminium (P < 0.01). No other relationships were significant. By using critical concentrations for Lolium perrene of 1.7% for potassium, 0.22% for sulfur, 0.3% for phosphorus and 0-24% for calcium (Cornforth and Sinclair 1982) , 39 %, 73 %, 39% and 15% of the sites had ryegrass samples that were diagnosed as deficient in potassium, sulfur, phosphorus and calcium respectively. The Uc soil type had the greatest percentage of sites with potassium -, sulfur-and phosphorus-deficient ryegrass plants growing on them.
Conclusions
The two acid soil types delineated in this survey are very extensive in the south -east region of South Australia and western Victoria, and it has been estimated that as much as 12 000 km2 of country is at risk from soil acidification and the development of highly acid soils. As such, it is highly desirable that farmers are made aware of the problem and that suitable amelioration strategies are developed and implemented. The results of this study and previous studies highlight the poor nutritional status of these siliceous sands. Therefore, farmers wishing to realize the full benefits from lime as an ameliorant must ensure that other major nutrients are adequately supplied. In fact, some attempts to show the benefits of lime in improving dry matter production have been unsuccessful due to other major nutrients being limiting; such results agree with those obtained on similar soil types in Western Australia (Bolland 1985) . Recent results (Hodge, unpublished data) have shown that lime applications have substantially increased subterranean clover seed yields, and it may be in this area that the major benefits of liming will occur.
These results suggest the possibility that a major effect of increasing acidity may be on rhizobium performance and hence nitrogen deficiency. Although the exact reasons for this poor performance are beyond the scope of this investigation, future studies should be directed in this area.
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